INTRODUCTION
Radiation dermatitis is one of the most common side effects experienced by patients receiving radiotherapy (RT) for sarcoma, breast, lung, and head and neck cancer. Approximately, 95% of these patients will have radiationinduced skin reactions, with 10% being severe (1, 2) .
Although innovative medical technology, such as intensitymodulated radiotherapy (IMRT), has reduced the incidence of severe radiation dermatitis, radiation-induced skin reactions are still a significant complication (3) . Currently, there is no standard treatment for radiation dermatitis with demonstrated effectiveness.
The skin is susceptible to damage by ionizing radiation because it is a highly proliferative and self-renewing organ. The doses and timing employed in standard fractionation regimens lead to an accumulated loss of basal keratinocytes and impairment of the epidermal skin barrier (1, 4, 5) . Radiation dermatitis ranges in severity from faint or definite erythema to dry or moist desquamation and ulceration (1, 2, 4, 5) . The current clinical guidelines for management of radiation-induced skin reactions include: (1) washing with lukewarm water and mild soap; (2) applying unscented, lanolin-free, water-based moisturizers; and (3) IMRT (2, 5, 6) . However, there is no consensus for an agent that effectively mitigates or prevents radiation dermatitis.
Curcumin, a component of turmeric, is a potent antioxidant and anti-inflammatory agent that has been used to treat skin ailments, such as scabies, acne, eczema, wrinkled skin and wound healing (7) (8) (9) (10) (11) . Due to its low toxicity and a broad spectrum of applications, curcumin has been studied in a variety of fields, including anti-cancer (12) (13) (14) (15) and cancer prevention (16, 17) . Previously, we published that administration of curcumin to mice significantly reduced their radiation-induced skin toxicity by 50% (18) . Its low toxicity profile in normal tissues combined with antitumor effects suggested that curcumin would be a good candidate for a clinical trial to treat radiation dermatitis. This randomized, double-blind, placebo-controlled study extended our preclinical findings by examining the ability of oral curcumin to reduce radiation dermatitis severity in 30 patients receiving RT alone for breast cancer. noninflammatory breast cancer or carcinoma in situ and prescribed RT without concurrent chemotherapy at the University of Rochester Cancer Center. Exclusion criteria included patients who: had bilateral breast cancer; previous radiation to the chest or breast area; diagnosis of inflammatory breast cancer; breast reconstruction and/or expanders prior to RT; were taking anti-coagulant therapy (warfarin, coumadin or heparin) or anti-epidermal growth factor receptor (EGFR) therapy or were receiving partial breast irradiations. All patients received standard fractionated RT (;1.8-2.4 Gy per session) for four to seven weeks with or without boost for a total radiation dose of !42 Gy.
This study was a randomized, double-blind, placebocontrolled trial conducted under FDA IND no. 75,444 for Curcumin C3 Complex, approved by the University of Rochester Institutional Review Board, and registered on ClinicalTrials.gov Identifier: NCT01042938 (http:// clinicaltrials.gov/ct2/show/results/NCT01042938). All patients provided written informed consent for participation. Patients were randomly assigned to curcumin or placebo capsules using a 1:1 ratio with block size of 10. The primary outcome measures included severity of radiation dermatitis at the end of RT and the proportion of patients with moist desquamation at the end of RT in each treatment arm. Secondary outcome measures included redness and pain at the RT site, as well as the severity of various other treatments of cancer related symptoms.
Study Medication
Curcumin (Curcumin C3 Complext) and placebo capsules were manufactured by Sabinsa Corporation (Payson, UT). The curcumin capsules contained yellow granular powder, shown by spectroscopic and chromatographic fingerprint to contain a minimum of !95% curcuminoids (approximately 390 mg curcumin, 75 mg demethoxycurcumin, 12.5 mg bisdemethoxycurcumin) plus excipients (.20 mg microcrystalline cellulose, magnesium stearate, silicone dioxide) in 500 mg size ''0'', red opaque, hard gelatin capsules. Matching placebo capsules contained 500 mg of dicalcium phosphate, excipients and a yellow food coloring. Patients were dispensed one 84-count bottle (i.e., 7 day supply of capsules) of study medication every seven days throughout their course of RT. Compliance was measured by weekly pill counts.
Study Procedures and Measures
Patients were screened for eligibility and informed consent was obtained prior to the start of RT. They were assessed at baseline, weekly after every fifth RT session, at the end of RT (EndRT), and at 2 post-RT appointments (1-month and 6-months post-RT). All patients took four 500 mg curcumin or placebo capsules three times daily throughout their prescribed course of RT. ''Standard care'' topical agents for radiation dermatitis (i.e., Radiaplext gel, silvadine, hydrocortisone cream) were allowed. Patient assessments involved a radiation dermatitis severity score, redness measurement, digital imaging of skin changes and completion of two self-report questionnaires: Symptom Inventory (SI) and McGill Pain Questionnaire-Short Form (MPQ-SF) (19) (20) (21) (22) (23) . Digital images of radiation-induced skin changes were obtained using a Canon PowerShot SD790IS camera. Radiation dermatitis severity was measured using the Radiation Dermatitis Severity (RDS) scoring scale (Fig. 1 ). This scoring system was adapted from the Radiation Treatment Oncology Group (RTOG) and NIH Common Toxicity Criteria-Adverse Event (CTCAE) scales for acute radiation skin toxicity (1, 2). The irradiated skin of each patient was given a rating by two study personnel (i.e., Radiation Oncologist and Dermatologist). Redness at the RT site was measured using a colorimeter (CR-200, Konica Minolta), which is a noninvasive device that assigns numerical values to color using the L*a*b* color scale. A normal skin color measurement was taken each time on the nonirradiated breast. A 19-item SI, adapted from the MD Anderson Symptom Inventory (MDASI), was used to assess potential side effects of curcumin and RT (19, 20, 22) . Patients were asked to rate the severity of potential symptoms (pain at treatment site, other pain, nausea, vomiting, upset, shortness of breath, memory, lack of appetite, diarrhea, change in urination, skin problems in treatment area, disturbed sleep, fatigue, general activity, mood, work, relationships, walking and quality of life) using an 11-point scale anchored by 0 (''not present'') and 10 (''as bad as you can imagine''). The MPQ-SF was used to monitor the severity and type of pain (i.e., sensory pain, affective pain, and perceived pain intensity) experienced by patients at the radiation treatment site (23, 24) . The MPQ-SF contained 11 sensory pain items (i.e., descriptors), 4 affective pain items (i.e., descriptors) and 1 perceived pain item. The sensory and affective pain items were rated on a 4-point scale anchored by 0 (''none'') to 3 (''severe''), whereas the perceived pain item was rated on a 6-point scale anchored by 0 (''no pain'') to 5 (''excruciating''). Radiation skin dose (maximum and average) was calculated by radiation physicists using two millimeter skin thickness and the AAA algorithm in Varian dosimetry planning software.
Statistical Analyses
The sample size of 30 evaluable patients was based upon the expectation that data generated from this number of patients would adequately determine patient receptivity of study medication and generate an effect size estimate for a subsequent larger study. All statistical tests were performed at the two-tailed 5% level of significance. The pooled variances t test was used to examine the differences in mean RDS at EndRT between the treatments arms. Longitudinal repeated measures model identified differences in trajectories between treatment arms in mean RDS over time. Fisher's CURCUMIN FOR RADIATION DERMATITIS exact test was used to test differences in the proportion of moist desquamation in each treatment group. Analysis of covariance (ANCOVA) adjusting for baseline was used to examine differences in pain at the RT site between the two treatment arms as measured by the SI and MPQ-SF questionnaires. Repeated measures analyses were used to compare redness (i.e., a* values) at RT site and over time between treatment arms. Additionally, regression analyses were used to explore relationships between RDS and redness or radiation skin dose. The assumptions of the pooled t test were checked (i.e., distributions were not grossly skewed and no significant difference in variance) and there were no major concerns. Moreover, for the longitudinal models, the distribution of the residuals (using model RDS ¼ Arm þ Residual) were well behaved and normally distributed (Shapiro-Wilk test, P ¼ 0.266). Computations were performed using SAS version 9.2 and/or JMP Version 9.
RESULTS

Patient Characteristics
From January 2008 to January 2010, a total of 213 patients with breast cancer were prescribed radiation therapy at the University of Rochester Wilmot Cancer Center (Fig. 2) . Of these 213 patients, 93 patients were eligible to participate in this clinical trial. Out of the 67 patients approached for participation in the trial, 35 (52%) patients consented. Patients declined participation because of the skin punch biopsies (13/32; 41%) or the consumption of pills (8/32; 25%). There were five withdrawals from the study: patientreported hot flashes (1/5); undisclosed personal reasons (1/5); ineligibility due to concurrent participation in another RT intervention trial (1/5); and noncompliance with study procedures (2/5). Analyses reported herein were conducted on the 30 patients who fully completed the clinical trial.
The baseline demographics were equivalent between curcumin and placebo treatment groups ( Table 1) . The majority of patients were white females (90%) with mean age of 58.1 years and ERþ/PRþ tumors (76.7%) who did not have total mastectomy or chemotherapy prior to RT. The majority of patients had a bra cup size of B (31%) or C (37.9%) and a mean bra size of 37.5 (SE ¼ 0.62). No significant differences were observed between curcumin and placebo groups for bra cup size (% A, B, C, D ¼ 7.7%. 38.5%, 38.5%, 15.4% vs. 6.3%, 25%, 37.5%, 31.3%, respectively; Fisher's exact, P ¼ 0.774) or bra size (mean ¼ 36.8 vs. 38, respectively; ANOVA, P ¼ 0.332). At baseline, 80% of patients expected to have skin reactions but only 26.7% of patients expected to have pain from RT. The majority of patients did not report pain at baseline and no significant difference was observed between treatment arms (P ! 0.359). Overall, the total prescribed radiation dose to patients ranged from 42.6-50.4 Gy and the total number of RT sessions ranged from 16-33 sessions. There were no significant differences between the curcumin and placebo groups in mean total prescribed radiation dose or total number of RT sessions (P ¼ 0.343 and P ¼ 0.162, respectively). Additionally, the radiation skin dose (maximum or average) were similar between treatment arms (P ¼ 0.895 and P ¼ 0.628, respectively). The majority of patients were compliant to both curcumin and placebo capsules [mean (SD) ¼ 96.6% (6.6%) vs. 98.4% (3.2%), respectively; P ¼ 0.344]. To evaluate patient blinding, all patients were asked, ''What study medication did you think you were taking during this clinical trial?'' 5/14 (35.7%) of patients randomized to the curcumin arm guessed that they were taking curcumin, whereas only 2/16 (12.5%) of patients randomized to the placebo arm guessed that they were taking placebo.
Curcumin Reduced the Severity of Radiation Dermatitis, But Not Redness
Skin assessments were performed on each patient weekly after the fifth RT session to rate the severity of worst dermatitis using the RDS scale (Fig. 1) . The pooled variances t test (Fig. 3A and B) showed that curcumin reduced RDS at EndRT compared to placebo (P ¼ 0.008). The mean RDS scores for curcumin-treated patients were 0.8 lower than the placebo-treated patients, which was more than one increment on the RDS scale. Additionally, repeated measures analyses demonstrated that RDS scores diverged between curcumin and placebo arms after week 4 ( Fig. 3A and B) . The crucial test of Arm*Week interaction was significant (P ¼ 0.007), showing the weekly profiles differed between the curcumin and placebo arms. The main Arm effect was insignificant (P ¼ 0.963), but the interaction was significant (P ¼ 0.007) reflecting the divergence of the time trajectories between arms. Furthermore, Fisher's exact test (Fig. 3C) showed that fewer patients in the curcumin arm had moist desquamation compared to the placebo arm (28.6% vs. 87.5%, respectively; P ¼ 0.002).
Even though the RDS scale incorporates redness as a characteristic of each severity score, we examined redness as its own separate variable using a colorimeter, which measures color using the L*a*b* colorimetric scale. L* values represent white color levels, a* values represent red color levels and b* values represent blue/black color levels. All L*a*b* values for the irradiated skin site were normalized to L*a*b* values for the nonirradiated skin prior to analysis (Table 2) (25, 26) . Repeated measures analyses showed insignificant Arm*Week interaction for all 3 color values. Interestingly, the overall Week effect was highly significant 
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for all color values, suggesting that skin color changes significantly over the course of RT. Furthermore, regression analysis for the correlation of a* values (i.e., redness) with RDS scores did not explain the variance in RDS scores over time (Table 2) . Although curcumin appeared to reduce radiation dermatitis severity, it did not alter skin redness.
Patient-Reported Pain and Adverse Events
The severity of pain and other various symptoms were monitored using two self-report questionnaires, the SI and the MPQ-SF. ANCOVA analyses were used to examine significant changes in patient-reported pain from baseline to EndRT (Table 3 ). The mean change scores for pain for each treatment group are plotted in Fig. 4 . No significant differences between the two treatment arm for the two SI pain items, ''pain at treatment site'' and ''other pain''. Similarly, no significant differences were revealed between treatment arms for the total MPQ or perceived pain intensity, sensory pain and affective pain subscale scores. However, examination of each individual pain descriptor showed significant differences between the curcumin and placebo arms for the sensory pain descriptors, ''gnawing,'' ''aching'' and ''splitting'' (P 0.021) (Fig. 4) .
The remaining 17 various symptoms on the SI were also evaluated for differences between treatment arms (Fig. 5) . ANCOVA analyses did not reveal any significant findings (all P values !0.100). However, t test on mean change scores did show a difference in ''upset/depressed'' between curcumin and placebo arms [mean change (95% CI) ¼ À1.429 (À2.663, À0.194) vs. À0.125 (À0.307, 0.057); P ¼ 0.023]. These data resulted from the higher baseline mean value for ''upset/depressed'' in the curcumin group compared to the placebo group (1.7 vs. 0.19; P ¼ 0.011). Although other research studies reported mild to moderate diarrhea with curcumin consumption (7), no significant increase in severity of diarrhea was observed with curcumin compared to placebo [mean change (95% CI) ¼ À0.214 (À0.460, 0.032) vs. À0.375 (À1.174, 0.424); P ¼ 0.702]. No significant adverse events were reported during the course of the study. Monitoring clinical blood tests did not demonstrate any significant clinical concerns with curcumin consumption (data not shown). Overall, our data suggest that oral curcumin was well tolerated by patients.
DISCUSSION
Radiation dermatitis is a common side effect of RT with few, if any, effective treatment options available. The severity of the skin reaction ranges by individual, body area, as well as type and dose of radiation (1, 2, 4, 5, 27, 28). Since 2006, the guidelines for management of skin during RT recommends ''washing with lukewarm water and mild soap'' (2, 5, 29) . Various research studies have yielded conflicting results on the use of corticosteroids, hyaluronate and other creams. For example, corticosteroid cream was shown to be significantly more effective than an emollient cream in reducing the occurrence of acute radiation dermatitis in two small randomized studies (30) . But, research also showed that the use of corticosteroids can published that topical sodium hyaluronate did not reduce the development of !grade 2.0 radiation dermatitis severity, whereas Ravo et al. published that patients using sodium hyaluronate did not develop dermatitis .grade 2.0 severity (32, 33) . Clearly, identification of effective topical or systemic treatment for radiation dermatitis is still necessary.
Over the past several years, curcumin has been investigated as a potential anticancer agent in clinical trials for the treatment or prevention of various cancers, including pancreatic cancer, colorectal cancer and osteosarcoma. It is usually recommended that patients avoid antioxidants during RT due to the concern that antioxidants will reduce the efficacy of RT by protecting tumor cells from radiation-induced cell death. Therefore, patients would be at higher risk for recurrence of cancer after RT (34) . Published studies have shown that curcumin actually sensitized to radiation or inhibit growth of colorectal cancer, cervical cancer, and head and neck cancer (35) (36) (37) (38) (39) . Additionally, in vitro and in vivo studies have demonstrated that curcumin does not protect breast cancer cells (40) (41) (42) (43) (44) .
2 Overall, curcumin may be a promising anti-cancer treatment with and without radiation treatment. Our Curvature Main arm effect Arm*Week L*-baseline P ¼ 0.080
Regression model: correlation of a* value (redness) with RDS clinical trial protocol underwent thorough and comprehensive review by the FDA (i.e., IND 75,444) to ensure that patients were not being put at undue risk for participation in this trial. An interesting follow-up study could potentially examine the five to ten year post-RT recurrence rate of the participants in this study, however, this type of study may be futile given the low five-to tenyear post-RT recurrence rate for breast cancer, the published literature and the transient curcumin exposure (i.e., 4 to 7 weeks of exposure). 
FIG. 4.
Mean change scores for pain items from Symptom Inventory (SI) and MPQ-SF. The forest plot presents the mean change scores (EndRT-Baseline) for the 2 pain items on the SI (''pain at RT site'' and ''other pain'') and the 15 different pain items, total MPQ, and Subscale scores on the MPQ-SF. Error bars represent standard deviation. Individual MPQ-SF pain items, ''gnawing,'' ''aching'' and ''splitting'' showed slightly higher pain at EndRT in curcumin patients compared to placebo. However, no differences were observed in total or subscale MPQ-SF scores or in the 2 SI items.
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This clinical trial demonstrated that oral curcumin, at 6.0 grams daily, significantly reduced the severity of radiation dermatitis and moist desquamation, though not erythema. Curcumin did not appear effective at reducing the severity of radiation dermatitis in patients who had total mastectomy prior to radiation therapy. The three patients that had total mastectomy (2 in curcumin arm and 1 in placebo arm) had the most severe skin reaction (RDS ¼ 4.0), which may suggest a threshold of radiation dose to the skin above which curcumin is ineffective. The nondose-finding design of this clinical trial could be seen as a limitation because the ''real effective dose'' of curcumin for severe radiation dermatitis cannot be discerned. However, the 6.0 grams daily dose of curcumin ensured minimal adverse reactions and detection of curcumin in plasma, while minimizing total daily number of capsules. Despite this reasoning for the 6.0 grams dose, it is possible that a higher oral dose of curcumin, such as !8.0 grams daily, may be more effective against radiation dermatitis severity including erythema and skin reactions in patients with total mastectomy. Furthermore, pharmacokintetic studies have demonstrated ways to increase curcumin's bioavailability without compromising its biological activity through combined formulation or synthetic analog development (45) . For example, piperine given at 20 mg combined with 2 grams of curcumin increased curcumin's total bioavailability by 20-fold and allowed detection in the serum of healthy volunteers (45) . Future clinical trials should investigate the potential effectiveness of curcumin at a higher oral dose and/or a readily bioavailable combined formulation or analog of curcumin. Overall, although curcumin did not completely prevent radiation dermatitis in this trial, the reduction in moist desquamation is clinically significant and suggests improved quality of life during RT.
FIG. 5.
Symptom severity mean change scores. The forest plot presents the mean change severity scores for the other 17 symptoms on the Symptom Inventory. Error bars represent standard deviation. ANCOVA analyses did not reveal any significant findings. However, t test on mean change scores did show a difference in ''upset/ depressed'' between curcumin and placebo arms. These results were due to the high baseline level of ''upset/ depressed'' in the curcumin arm compared to placebo, which was accounted for in the ANCOVA.
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This study incorporated the ''standard care'' for radiation dermatitis used in the clinic with the implementation of curcumin or placebo for study subjects. Radiaplext gel, silvadine and/or hydrocortisone cream were provided to the patients as needed for radiation dermatitis in both treatment arms upon visible skin changes (i.e., ;week 3 of RT). The main strength of the study was the longitudinal and multiple measures for assessing radiation dermatitis severity. Radiation-induced skin changes were documented each week throughout the course of radiation therapy for breast cancer, which enabled the use of repeated measures analyses. Our study incorporated multiple, separate measures to accurately assess patient and treatment-related factors, skin redness and texture, moist desquamation and pain. Other clinical studies used the Skin Toxicity Assessment Tool (STAT) for assessment of radiation dermatitis (46) . The STAT consists of three components: (1) patient and treatment characteristics; (2) objective scoring of skin reaction (i.e., intact skin, mild erythema, dry or moist desquamation); and (3) patientreported severity of symptoms, such as burning, itchiness and tenderness (46) . Although our study design did not use the STAT, our measures did encompass the three STAT component areas.
The limitations of the study included the small sample size and the large quantity of capsules. Although the sample size was small, the proportion of patients with radiationinduced moist desquamation was relatively large. It is possible that the incidence of moist desquamation will vary between institutions and patient subsets due to variations in the RT dosimetry, RT machine, RT session number and individual factors. Overall, the data suggest that a larger confirmatory trial is warranted given the large curcumin effect. To have an effect on the skin, this study required an oral dose of curcumin that would enter the blood. Due to the low bioavailability of curcumin, an oral dose less than 4.0 grams is not detectable in blood (47) . Dose escalations studies have shown that the incidence of diarrhea and gastrointestinal upset increases at doses greater than 8.0 grams daily (48, 49) . Therefore, 6.0 grams daily was used to ensure that curcumin would enter the blood with minimal side effects. Unfortunately, this dose required patients to consume twelve capsules daily. Synthetic forms of curcumin exist that appear to have increased bioavailability, which could potentially decrease the curcumin dosage and number of capsules (50) (51) (52) (53) . Additional clinical trials are warranted to determine if a synthetic curcumin would provide a similar reduction in radiation dermatitis severity. Alternatively, a topical formulation of curcumin may serve as another viable treatment option. For example, patients with head and neck cancer have extensive radiation-induced skin reactions, but are unable to swallow capsules due to radiation-induced esophagitis and mucositis. Overall, oral curcumin successfully reduced radiation dermatitis severity and moist desquamation; however a larger study is required to further confirm its effectiveness.
